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Abstract
The first French integrated CO2 capture and storage demonstration pilot is currently operated by TOTAL. CO2
injection into a depleted gas reservoir started in January 2010 and 45000 tones of CO2 have been injected so far.
Reservoir modeling studies were conducted for various purposes. First objective is to forecast reservoir behavior 
during and after CO2 injection, and to verify this behavior once monitoring data is available. This is achieved by 
using a standard oil and gas workflow. Second objective is to review specific CO2 issues, including near well bore 
effects, long term CO2 migration and geochemical impacts in the reservoir.
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1. Introduction
TOTAL conducts the Lacq CO2 pilot, the first French pilot to demonstrate the technical feasibility and 
reliability of an integrated CO2 capture, transportation, injection and storage scheme from an oxy boiler 
[1].
The geological storage reservoir selected is the depleted Mano reservoir of Rousse field, a dolomitic
reservoir at a depth around 4200 meters below sea level. The discovery well, Rousse-1, was drilled from 
August 1966 to June 1967 and discovered a gas accumulation with an initial pressure of 480 bars. It is the
only well penetrating the Rousse Mano reservoir.
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Gas production started in August 1972, initially from two reservoirs: Rousse Mano reservoir and 
deeper Rousse Meillon reservoir. Well penetration in the Meillon reservoir was plugged in May 1985 as a 
consequence of formation water arrival to the well. Production was restarted from Rousse Mano reservoir, 
and finally stopped in August 2008, with a flowing well pressure around 30 bars. Cumulative gas 
production from Rousse Mano reservoir is 910 MSm3. The production well was then converted to an 
injection well. 
CO2 injection started in January 2010. 45000 tonnes of CO2 have been injected so far, and current 
reservoir pressure is around 80 bar. 
Reservoir modeling studies were performed with two major objectives.  
First, as in standard oil and gas operations, models are set up in order to forecast pressure changes, and 
model results are compared to monitoring data when available. 
Secondly, in the context of a CO2 geological storage project, a special attention was given to CO2 
specific impacts in the reservoir, which are not covered by the standard workflows. The paper presents the 
CO2 migration within the reservoir, and associated integrity issues; near-well multiphase modeling and 
potential consequences in term of injectivity; and finally pH variation in the reservoir due to CO2 
inectiion, and how this compares to pH variations during the production period of the reservoir. 
2. Set up of the conventional reservoir flow model 
A standard approach was used to build the reservoir flow model, with an additional concern on 
modeling various geological units above the cap rock [2]. One key element to underline is that access to a 
full set of regional data is required to properly model the reservoir within its regional environment. This 
was eased by the fact that Total is the historical operator in the southern Aquitaine basin. 
2.1. Regional setting 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Regional setting [3] 
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The Aquitain basin is located in the southwest of France, between the Gironde Arch in the north and 
the Pyrenean Mountain Chain in the south [3]. This 35000 km2 area is subdivided into four sub-basins. 
The southern sub-basins, Adour-Arzacq, Tarbes and Comminges areas, are presented in figure 1. 
 Our interest zone corresponds to the regional cross-section 2, across the Adour-Arzacq sub-basin, 
displayed in figure 2. 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Regional cross-section including Rousse [3] 
The modelling work is supported by a regional database, including all well and seismic data from 
Arzacq basin, illustrated in figure 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 Figure 3: Screen capture of a 3D Window of the regional database, showing wells and a Top Cretaceous map 
2.2. Reservoir static model 
The Rousse structure is a 4 km2 isolated Jurassic horst located 2 km South of the larger Meillon Saint-
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Faust gas field. It is overlaid by very thick Upper Cretaceous to Tertiary foredeep deposits, namely Flysch 
(figure 4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4: Two cross-sections through Rousse reservoir, showing the CO2 injection well RSE-1 
 and the Mano CO2 storage reservoir (upper blue layer), from [2] 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5: Schematic of the reservoir layering, from [2]. 
 CO2 is injected in the Mano dolomitic reservoir as RSE-1 well is now isolated from Meillon reservoir 
Rousse horst is limited by NNW-SSE and WNW-ESE normal faults and compartmentalized by NNW-
SSE faults. The disconnection with the northern Meillon St-Faust structure is proven by the very different 
gas composition found in both fields (more CH4, no H2S, more condensates in Rousse). Rousse field has 
6310   Sylvain Thibeau et al. /  Energy Procedia  37 ( 2013 )  6306– 6316 
produced gas from two reservoirs: upper Mano and lower Meillon dolomites. The petrophysical 
characteristics are rather poor: 2 to 4% matrix porosity for the Mano dolomites. For this formation, an 
effective gas permeability of 5 mD was derived from a regional review of well productivity. 
A reservoir static model was built with Petrel, a tool which enables to have in the same data base the 
wells (logs, correlations), the seismic (geometries) and the external data as geological maps, as illustrated 
in figure 3. Faults were incorporated either geometrically (for faults with a significant throw) or as 
potential flow barriers (for other faults). Vertically, the layering included the Mano reservoir (modelled 
with several layers), the underneath Meillon reservoir, the intermediate Lons-Cagnotte cap rock and 4 cap 
rock layers above the Mano reservoir. Figure 5 is a sketch of a vertical cross section through the model. 
2.3. Reservoir dynamic model 
From the reservoir static model, a first flow model was built (figure 6). It incorporates initial pressure 
and temperature conditions and initial water saturation. A dedicated EOS-based fluid representation was 
used to model both the initial gas and any mixture of the initial gas with injected CO2. However, at this 
preliminary stage, the reservoir flow models do not account for CO2 dissolution in the formation water, 
nor water vaporization in the dry CO2, nor chemical reactions. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6: 3D view of the flow model grid, showing the main fault blocks of the Mano reservoir 
The main dynamical uncertainty is the connectivity of the various faults separating the reservoir fault 
blocks together with the pore volume within each block.  
Two reservoir scenarios (ie set of fault connectivities) where generated, matching the historical 
pressure and gas production of the well . In scenario 1, most of the gas accumulation is close to the 
producer fault block, and the faults are largely open. In Scenario 2, more gas is distant from the producer, 
compensated with lower connectivity of the faults. Figure 7 illustrates the result obtained (both scenarios 
are superimposed as matching the same initial data). A very good pressure match is obtained in the low 
pressure regime, after 1985. Less importance is given on the high pressure regime before 1985 as RSE-1 
used to produce from both Meillon and Mano reservoirs until 1985, leading to lower data confidence from 
Mano alone during that period. 
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Figure 7: Historical Mano gas production (red curve), historical pressure recordings in RSE-1  
(blue diamonds) and pressure calculation from the flow models (blue curve) 
3. Results of the conventional reservoir flow model 
Pressure performance of each of the two scenarios was assessed by comparing pressure recordings in 
the well during injection with pressure forecasts. Figure 8 compares the pressure readings with the 
pressure forecasts, together with historical CO2 injection rates. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8: Pressure prediction (red and yellow lines) matching pressure recordings (blue diamonds) 
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Note that to thanks continuous pressure recordings (not available during the production period), it has 
been possible to adjust the well injectivity (hence well productivity during the production period). Other 
parameters have been kept unchanged compared to the post production flow model. 
One can note that Scenario 2 matches the pressure measurements during injection, more satisfactorily 
that Scenario 1. 
4. Specific CO2 reservoir modeling studies 
The reservoir models were used as input to a geomechanical study [4] which is not described in this 
paper. Specific reservoir engineering studies included 
 The review of the long term migration of the CO2 within the reservoir 
 Possible thermodynamical near-well effects due to CO2 injection 
 The modeling of pH evolution in the reservoir 
4.1. Migration of the CO2 within the reservoir 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9: EW Vertical cross section zoomed on the western part of the Mano reservoir,  
showing the CO2 migration after injection stop (red indicates high CO2 fraction) 
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A dedicated flow model was built, refining vertically the lowermost reservoir layer. CO2 migration 
was modelled for 200 years, as illustrated in figure 9. Flow is initially viscous-dominated, flooding all the 
surroundings of the injector well (from the base to the top of the reservoir). Progressively, because of the 
density contrast between the CO2 and the in place gas, CO2 flows down the reservoir while in place gas 
flows back up beneath the cap rock. The main consequence concerning cap rock integrity is that cap rock 
will be in contact of a CO2 rich gas during a rather limited period of time, especially when compared to 
geochemical reaction times. 
This vertical segregation process is much more rapid than other process that will also decrease the CO2 
fugacity beneath the cap rock, as CO2 dissolution in the formation water and CO2 mineralization. 
4.2. Near well effects 
GEM software [5] was used to model three fluid phase interactions between the initial gas, 
hydrocarbon deposits in the reservoir, injected CO2 (in the gas phase) and formation water. A local grid 
refinement was used around the injector to model this near well effect.  The initial objective of the 
modeling was to quantify salt deposition around the injection as a consequence of the vaporization of 
formation water into the injected CO2. 
Thanks to the three phase thermodynamical equilibrium, it has been possible to match historical data 
of water production, which could not be matched before as this water is condensed water and not 
formation water. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 10: Vertical cross section showing the water vaporization  
around the well perforations during the production period (01/01/1990) 
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An interesting outcome of this modelling is that formation water vaporization is first a consequence of 
gas production. Indeed, the humidity (or water content) of the gas increases with reservoir depletion, 
leading to vaporizing the water where gas rates and pressure drawdown are significant. This is illustrated 
by figure 10. This turns out to be the case both around the RSE-1 producer and around faults. 
This demonstrates that if salt precipitation ever happens, it will be during production period, when 
productivity is well known and has not changed during historical production period. Hence no decrease of 
injectivity is expected during CO2 injection due to incremental salt precipitation. 
4.3. pH evolution in the reservoir 
Detailed reservoir mineralogical description [6] lead to the set-up of a coupled geochemical-flow 
model of the reservoir [7]. The first objective of this model is to evaluate geochemical alteration in the 
reservoir in time and space. As underlined in previous studies [7-8], porosity changes are insignificant 
within the reservoir and the minerals sensitive to the injection are minerals with very low volumetric 
fractions, leaving the bulk of the dolomitic matrix unchanged. 
 
A new result was obtained by reviewing pH changes in the reservoir, illustrated in figures 11 and 12: 
 during the production period, dissolved acid gases (as CO2) vaporize out the formation water as a 
consequence of the decrease of gas pressure 
 this lead to a significant raise of pH of over +0.4 
 after the CO2 injection and in the CO2 flooded zone, pH decreases due to the acidity of the CO2. The 
decreases of pH is approximately 0.8. Compared to initial pH, the pH change is around -0.38 
 however, at locations distant from CO2 injector and CO2 flood, the pH keep increasing as a 
consequence of local pressure decrease. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11: 3D View of the reservoir and well location. Left: CO2 fraction in the gas at the end of the CO2 injection,  
right: pH in the reservoir formation water modeled in year 2100 (initial pH is 5.0), from [7] 
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Figure 12: Variation of pH near injector and away from injector, from [7] 
This result provides new insights to the geochemical impact of CO2 during CO2 geological storage into a 
depleted gas reservoir, as it turns out that the pH change is just similar (but opposite) to the pH change 
due to depletion around the injector, and the pH keeps increasing in distant zones from the injector. This 
is a clear indication that geochemical impacts due to CO2 storage are of the same order of magnitude as 
obtained in any gas production operation when some acid components are initially contained in the 
natural gas. 
5. Conclusions 
A full suite of reservoir modelling studies were performed to understand the impact of CO2 injected in 
the Rousse depleted gas reservoir. 
Conventional reservoir modeling studies enabled to forecast pressure changes in the reservoir. 
Advanced reservoir modelling studies are performed to tackle specific issues related to CO2 geological 
storage, as: CO2 migration in the reservoir and CO2 contact with the cap rock; water vaporization around 
the injector and connected risk of salt plugging; pH changes in the reservoir.  
The main findings of the reservoir modeling studies are listed below: 
 Being a historical operator of a depleted gas reservoir (used nowadays as a CO2 storage site) is highly 
valuable, as relevant data is rapidly accessible in a clear operational context; 
 Pressure measurements in the CO2 injection well are so far in line with pressure predictions from the 
model; 
 CO2 migrates down the reservoir, while initial gas returns to the top of the reservoir, below the cap 
rock. Hence, even more limited chemical alteration of the cap rock is expected; 
 Formation water vaporization near the injector occurs first as a consequence of gas production (before 
any CO2 injection). The consequence is that no salt precipitation around the injector can happen as a 
consequence of CO2 induced water vaporization 
 Geochemical impacts due to CO2 storage are of the same order of magnitude as obtained in any gas 
production operation when some acid components are initially contained in the natural gas 
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These studies bring additional confidence that CO2 injection has a limited impact in the reservoir, 
comparable to standard gas production operations. 
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